Objective: To determine whether I and I are altered in function / density in right atrial (RA) cells from dogs with chronic atrial Na CaL fibrillation (cAF dogs, episodes lasting at least 6 days) and whether the changes that occur differ from those in dogs with nonsustained or brief episodes of fibrillation (nAF dogs). Methods: Using whole cell voltage clamp, sodium and calcium current density and function 21 21 21 were determined in disaggregated RA cells from nAF, cAF and control atria (Con). Ca currents were studied with either Ca or Ba 21 as charge carrier, as well as with either EGTA or BAPTA as the internal solution Ca chelator. Results: After rapid atrial pacing, dogs 1 21 can either fibrillate for short periods of time (nAF) or longer, more sustained periods (cAF). Both the Na and Ca current decrease in 1 21 cells of the nAF atria. Na current density remains reduced in cAF cells with some slowing of recovery kinetics. Ca current density does not further decrease with persistent atrial fibrillation (cAF cells) remaining significantly different from Con cells. However, the 21 21 difference in density of Ca currents between nAF and Con cells is negligible when Ba is charge carrier and when Ca is quickly and i effectively chelated with BAPTA. On the contrary, cAF I densities remain significantly reduced compared to Con and nAF values BaL 21 1 when Ba / BAPTA conditions are used. Conclusions: Na current density / function does not recover to Con values in cAF. Further 21 these enhanced Ca -dependent inactivation processes contribute significantly to the reduction of I density observed in nAF cells while CaL 21
Introduction
Furthermore, there is a loss in the slow phase of APD adaptation to rate changes in atrial fibers from dogs in Rapid atrial rates induce significant electrophysiological chronic atrial fibrillation (cAF, episodes lasting 6-10 days remodeling in animal and human atria. This remodeling is to 9 months) and dogs that are paced but have only brief characterized by a decrease in atrial effective refractory episodes or nonsustained atrial fibrillation (nAF) [3] . 21 period with little change in conduction velocity (e.g., Refs. Reductions in Ca current density have been reported [1, 2] ) and by reduced duration of atrial action potentials.
in atrial cells from patients with persistent atrial fibrillation [4, 5] . However, it is not clear whether the rate, alone, of persistent AF alters ion channel function in this setting or whether other uncontrolled factors (e.g., underlying dis-45 min [6, 7] . Thus, we do not know whether the rate-but when AF was induced, it was short-lived. Dogs were induced reductions in I and I observed continue to monitored intermittently in the laboratory 3-5 days / week Na CaL decline during persistent episodes of AF (.6 days) or and for several hours each time. nAF was defined as an whether function / densities of these currents recover to-animal having all episodes of AF ,6 days duration ward control pre-rapid pace values.
(usually ,24 h). nAF animals could have multiple epi-Thus, the goal of these studies was to determine whether sodes of AF. Pacemakers of nAF dogs were stopped on the I and I are altered in function / density in right atrial day of sacrifice. Dogs in chronic atrial fibrillation (cAF) Na CaL (RA) cells from nAF dogs and whether any further (n515) were paced as above, but when AF was induced, it changes occur in cAF dogs. Animals used in the study are persisted for at least 6 days. cAF dogs were sacrificed identical or equivalent to animals used to perform the during AF. Age-matched animals (n512) were used for cellular electrophysiology studies of Hara et al. [3] .
control RA freewall myocytes (Con).
Myocyte preparation 2. Methods
Single atrial cells were dispersed from the RA sections 2.1. Animal preparation using a modification of our previously described method 21 [9]. Briefly, the tissue was rinsed twice in a Ca -free This investigation conforms with the Guide for the Care solution which contains (mM): NaCl, 115; KCl, 5; sucrose, and Use of Laboratory Animals published by the US NIH 35; dextrose, 10; Hepes, 10; taurine, 4; pH, 6.95, to Pub. No. 85- 23, 1996. remove blood. Then it was triturated in 20 ml of enzyme Mongrel female dogs weighing 20-25 kg were anes-containing solution (collagenase TYPE II from Worththetized with thiopental sodium (17 mg / kg, i.v.) and ington Biochemical, 0.38 mg / ml; 36-37 8C) for 30 min, ventilated with isoflurane, 1.5-2%, and O , 2 l / min. after which the solution was decanted and discarded. The 2 Morphine sulfate, 0.15 mg / kg, was injected into the second trituration was discarded after 30 min. The next six epidural space to reduce the pain after awaking from to seven triturations were each done for 15 min. Each time anesthesia. Using sterile techniques, Medtronic active the solution was centrifuged at 500 RPM for 3 min to fixation leads were attached to the right atrial appendage collect the supernatant and dispersed cells. Resuspension and the right ventricular free wall, tunneled subcutaneously solution was changed every 30 min for solutions con- 21 and then connected to a Thera 8962 pacemaker (Med-taining increasing concentrations of Ca . With this protronic, Minneapolis, MN). A bipolar stimulating and cedure, the living atrial cell yield was approximately 30recording electrode was also attached to the RA appendage 40%. Only rod-shaped cells with staircase ends, clear cross for the induction of atrial fibrillation (AF). Complete AV striations and surface membranes free from blebs were conduction block was produced by injection of 0.1-0.3 ml used for study. of 40% formaldehyde into the His bundle, usually resulting in an idioventricular escape rhythm of 30-50 bpm. The 2.3. Experimental conditions ventricular pacemaker was programmed as: rate, 60 bpm; 1 pulse amplitude, 3.3-5 V; pulse width, 0.35-0.5 ms; 2.3.1. Na current studies sensitivity, 2.5 V; refractory period, 300 ms. After the For study, an aliquot of cells was transferred onto a incisions were closed and the dogs recovered from anes-glass coverslip placed at the bottom of a chamber mounted thesia they were maintained for 2 days in the recovery on the stage of a Nikon inverted microscope (Nikon room before moving to routine care. The dogs were given Diaphot, Tokyo, Japan). Myocytes were continuously cefazolin, 25 mg / kg i.m. prophylactically once before superfused (2-3 ml / min) with normal Tyrode's solution surgery and for 2 days after surgery. After recovery for at containing (in mM): NaCl, 137; NaHCO 24, NaH PO filled with an internal solution which had the following Only sections of RA freewall were excised for myocyte composition (mmol / l): CsOH 125, aspartic acid 125, studies to eliminate heterogeneity in ion channel function tetraethylammonium chloride 20, Hepes 10, Mg-ATP 5, that has been reported for normal canine atria [8] . From EGTA 10, and phosphocreatine 3.6 (pH 7.3 with CsOH). adjacent tissue, RA trabeculae were removed for cellular After the formation of the gigaohm seal, the stray capacielectrophysiological studies. Trabecular data were reported tance was electronically nulled. The cell membrane under by Hara et al. [3] .
the pipette tip was then ruptured by a brief increase in Three groups of dogs were studied. Dogs in nonsus-suction, forming the whole cell recording configuration. tained atrial fibrillation (nAF dogs) (n515) had been paced Seven minutes were allowed for dialysis to begin before by guest on May 3, 2016 Downloaded from switching to the low sodium extracellular recording solu-min were allowed for intracellular dialysis before switch- cell Na currents (I ) were recorded from atrial cells erties of Ca channels in the different cell types under Na using previously described whole-cell patch clamp tech-similar conditions. niques [10, 11] . Membrane capacity (in pF) of each cell I magnitudes were normalized by each cell's mem- CaL 1 was measured in the Cs rich solution by integrating the brane capacitance (pF) and expressed as current density area under a capacitative transient induced by a 10-mV (pA / pF). Cell capacitances here averaged 6664 pF in Con hyperpolarizing clamp step (from 280 to 290 mV) and (n543) and 9067 pF in nAF (n526) and cAF 8465 pF dividing this area by the voltage step. Current amplitude (n528) in this series. Voltages were not corrected for liquid data of each cell was then normalized to its capacitance junction potentials between the bath and pipette solutions (current density (pA / pF)). For this series of experiments (|210 mV). Currents displayed are original tracings with averaged cell capacitances were 53.065.0, 60.768.5 and no corrections for linear leakage currents or whole cell 86.3610.0 pF for Con (n510), nAF(n57) and cAF (n59) capacitance. When myocytes are dialyzed during whole (P,0.05). The average time constant of decay of the cell recordings, there is 'rundown' of peak I with time
CaL capacitive transient was 0.10360.01, 0.15160.03, [14, 15] . In this study, we started data acquisition at similar 0.10660.02 ms in Con, nAF and cAF, respectively.
times after membrane rupture after determining that run-Therefore, the residual series resistance for each cell was down was similar in all cells (average rate of rundown 21 calculated to be 2.03, 2.68 and 1.25 MV in Con,nAF and (pA / pF per min), Ca solutions: Con, 0.07, nAF, 0.08, 21 cAF. For consideration of the voltage control, we lowered cAF 0.11, P.0.05. Ba solutions: Con 0.14, nAF 0.11, 1 extracellular Na concentration to 5 mM, maintained the cAF 0.12, P.0.05). temperature at 1960.5 8C, used patch pipettes only with Peak I at various test voltages (V ) was measured as CaL t resistances lower than 1 MV. Whole cell I was obtained the difference between the maximal inward peak and the Na by subtracting the traces elicited with comparable voltage current level at the end of the 250-ms voltage clamp step steps containing no current from the raw current traces. In [13] . As described by others [12,13,16,17], time course of this way, the cell capacitance and linear leakage, if present, I decay was best fit using a biexponential function.
CaL were subtracted. Steady-state inactivation variables of peak I were
CaL
To examine peak current density in cells from the determined using a double-pulse protocol [18] . The different groups, voltage steps (50 ms duration) from Boltzmann equation was used to fit data as above. These holding potential (V ) of 2100 mV were given from 270 values were used to determine the differences between H to 5 mV (5-s intervals) [10]. The maximal peak current was Con, nAF and cAF cells. The time course of recovery from divided by cell capacitance to obtain a peak current density inactivation of I was examined using a double pulse CaL (pA / pF) for each cell. Steady-state availability curves protocol (delivered every 8 s) consisting of a 1000-ms (I /I ) and the time course of recovery of I from prepulse from V 5250 mV to V 520 mV followed by a max Na H t inactivation were assessed in each cell as previously similar test pulse (250 ms duration) delivered at a prodescribed [10]. The Boltzmann equation was used to fit gressively increasing interpulse interval (IPI) ranging from normalized data to obtain V , the voltage at half-maximal 2 to 5000 ms as described [13]. 0.5 21 inactivation, and k, the slope factor. For recovery time Since our initial studies using Ca as the charge carrier 21 constants, I elicited by each test pulse was then normal-suggested differences in density of Ca currents in nAF Na ized to the maximal current value obtained at the interpulse and cAF cells, we determined whether the changes persist 21 interval (IPI)53000 ms. A biexponential function was when barium was the charge carrier. Ba studies were fitted to the normalized values for each cell.
completed in different subsets of cells from animals from each group. Internal and external pipette solutions re- 21 2.3.2. Calcium-barium current studies mained similar to above except equimolar Ba was 21 For these studies,cells were initially superfused with substituted for Ca in external solutions and in one series, normal Tyrode's (see above). Patch pipettes had resistances 10 mM bis-(o-amino-phenoxy)-ethane-N,N,N9,N9-tetraof 1-2 MV when filled with the following solution (in acetic acid (BAPTA) was substituted for 10 mM EGTA. mM): CsOH 125, aspartic acid 125, TEACl 20, Hepes 10, Peak I was taken as the difference between peak current were disappointing since often slow current decays were underestimated and some currents decayed with a monoexponential and others not (in nAF and cAF groups). 21 Therefore, we compared the magnitude of the Ba current at the end of the clamp step (I ) normalized to the peak 250 amplitude (I ) as well as the time to 80, 70, 60 and 50% max of peak during the decay (T , T , T , and
T , respectively) in cells from each group. Thus, for 0.5max currents that decay quickly, the portion of current remaining at the end of the step would be small compared to that of the peak, and T should be short. 0.5max
Statistics
Data are presented as mean6S.E.M. All data were tested using ANOVA for multiple comparisons. When F values permitted, group means were compared using Bonferroni's method. P,0.05 was considered significant. (Fig. 1B) , both nAF and cAF I densities were significantly different from Con. Na These differences were unrelated to significant differences in E of I or to I activation relations (Table 1) depolarization was voltage dependent in all groups and Na *P,0.05 nAF, cAF versus Con. (C,D) Capacitance-subtracted peak I Na average t fast values at V 5220 mV (Con, 1.6760.08 ms; t in a typical Con and cAF cell. Holding potential, 2100 mV. nAF, 1.9460.2 ms; cAF, 1.7960.05 ms) did not differ (P.0.05). Further, while the average maximally available I was significantly different from Con in nAF and cAF, Na I availability relations were not different from Con Na ( Table 2 ). An altered time course of recovery of I after Na 1 inactivation could further contribute to Na current depres- Table 1 sion, particularly at rapid rates. Therefore we compared Activation parameters of I Na this process across cell groups and found this kinetic
Results
parameter of I to be reduced in nAF and cAF (Fig. 2B ). stants as previously shown ( Fig. 2A) 21 Under our initial recording conditions (Ca / EGTA 5 i 10 mM), peak I density in RA cells from nAF and cAF CaL hearts was decreased (Fig. 3A,B ). There were no significant changes in voltage dependence of activation or inactivation, or recovery from inactivation (data not shown). Although peak I currents in nAF and cAF cells CaL differed from Con I (Fig. 3B) , our data and data CaL previously reported [7] show that peak currents in all three groups decay with similar time courses (Fig. 3C ). This is 21 unexpected in that atrial Ca currents have a strong current-dependent inactivation process [18, 22] . Thus we had anticipated that the large currents of Con cells would decay more quickly than the smaller currents (and hence 21 less Ca influx) of the nAF and cAF cells ( Fig. 3C inset) . This was not found. Thus we determined in a subset of cells from each group the amplitudes and kinetics of these 21 21 currents when Ba was the charge carrier. Here Cadependent inactivation processes should be minimized. 21 Under these recording conditions (Ba / EGTA ), peak i I in RA cells from Con group were larger than those BaL 21 when Ca was the charge carrier ( Fig. 4A ). Thus, using 21 21 Ba as the charge carrier, Ca -dependent inactivation was minimized. Under these recording conditions, I in BaL nAF and cAF cells (3.8760.92, n55; 3.3260.37, n57 pA / pF, respectively) remained somewhat reduced compared to Con (6.5560.95, n56 pA / pF) but only cAF I BaL were significantly lower than Con (data not shown). Further, for all peak I currents a majority of current BaL (A /A 560-70%) still inactivated relatively quickly 1 total (Table 4 ). Thus, when the time to 0.8 max (T ) to time 0.8max to 0.5 max (T ) was determined in cells of each group 0.5max (Fig. 4B) , T values are greater in Con but not different max 21 among the different groups (Fig. 4C ). Thus the use of for short IPIs. Note the slow recovery at short IPIs in both nAF and cAF 21 21 cells. *P,0.05 Con versus nAF or Con versus cAF.
Ba / EGTA may have reduced Ca -dependent proi cesses. Therefore, in the next subset of cells we measured I BaL were slight differences in the time constants of decay of
The time course of recovery of I from Holding voltage52100 mV. Na peak currents in nAF and cAF cells ( Fig. 5C) (Table 5) , t and t are average time constants of best fits of recovery curves for 1 2 we assessed T to T in each group (Fig. 5D ). were 0.7560.02, 0.7960.03, 0.7660.04 in Con, nAF and cAF cells, respectively (P.0.05). Inset shows first 150 ms of tracings from Con, nAF and cAF cells, each normalized to peak and superimposed to illustrate time course of peak current decay.
larger as time from peak current increases. There is a pacing, dogs either fibrillate for short periods of time significant decrease in T and T in cAF versus (nAF) or for longer, more sustained periods (cAF), and 0.7max 0.6max 1 21
Con or nAF cells (Fig. 5D ). Furthermore the fraction of both the fast Na and Ca currents decrease in cells of 21 Ba current remaining at end of clamp pulse (I /I ) is the nAF atria. 250 max less in cAF (Fig. 6A ) consistent with significantly more However in addition to a decrease in I density (by Na current being inactivated during a depolarizing pulse in 58%) in nAF cells we observed a slowing of recovery time 21 cAF cells. Finally, cAF acceleration of Ba current decay course, particularly at short interpulse intervals. This is was present at all test voltages (Fig. 6B) and not accom-consistent with the reduced I described by Gaspo et al. Na panied by significant changes in voltage dependence of [6] for cells from atria paced for 42 days and having short inactivation or recovery from inactivation in cAF cells episodes of AF [6]. Further, we now report that in the (Tables 6 and 7) . presence of cAF in dogs, I density remains significantly Na reduced (by 59%). We attribute this latter finding to both an increase in cell capacitance and reduced I amplitude There were no significant differences among groups. (C) Fraction of Ba current remaining at I normalized to I current for cells of the three groups.
max
Height of bar denotes average value for each of three groups. There was no significant difference in I /I of peak currents under these recording 250 max conditions even though peak current densities differed.
Na current function reported here most likely do not atrial fibrillation (cAF). Furthermore, the difference in 21 contribute to further 'domestication of AF' as it progresses Ca current density between nAF and Con is negligible 21 from the nonsustained (nAF) to sustained form (cAF). when Ba is the charge carrier and when Ca is quickly i An important finding of our study is that significant and effectively chelated with BAPTA. This suggests that 21 21 changes in Ca current density occurring in nAF and cAF enhanced Ca -dependent inactivation processes contribcells appear to result from different mechanisms. We state ute significantly to the reduction of I density in nAF CaL 21 this for several reasons: the Ca current neither recovers cells. On the contrary, cAF I densities remain sig-BaL to Con values nor continues to decrease with persistent nificantly reduced compared to Con and nAF values even 21 when Ba / BAPTAi was used. and nAF. *P,0.05 cAF versus Con, nAF. (C) Typical Con, nAF and cAF peak I tracings under Ba / BAPTA conditions. Each has been normalized BaL 21 and superimposed to emphasize the differences in current decay between cells from the different groups. Note that the small Ba currents of cAF cells decay more completely during the step depolarization. In (D) the bar graph illustrates the average time for peak current decay to T , T , T , for 0.8max 0.7max 0.6max cells in each group. *P,0.05 Con versus cAF, **P,0.05 nAF versus cAF. Note one Con cell never decayed to 0.6 max during the step depolarization and therefore its value was not included in average at T . 0.6max minimized this time but still allowed the time required for essential to remove the possibility of overlapping con- 21 taminating currents (e.g., Na-Ca exchanger, Ca -depencompletion of intracellular dialysis and equilibration with dent chloride currents) in our records. the chosen external recording solutions. This time is 21 21 21 We compared Ca currents using either Ca or Ba as the charge carrier. Here we used EGTA (10 mM) to [23] or flash photolysis of Ca [24] produces a decrease in I . When EGTA and ryanodine were used, we CaL 21 assumed there to be adequate chelation of bulk Ca since there were no visible signs of cellular contraction. How- 21 ever, we cannot rule out a contribution of Ca accumulation in the subsarcolemmal spaces to changes in channel 21 closing or inactivation [25] . Clearly Ca -dependent in- 21 activation of the cardiac L-type Ca channel involves 21 21 interactions of Ca ions with several different Ca binding proteins and the C terminus of the a subunit of the channel protein [26, 27] . 21 We also used Ba as the charge carrier along with a 21 fast chelator of Ca ions, BAPTA [28, 29] . We expect in 21 these experiments that the subsarcolemmal free Ca in 21 the vicinity of the L-type Ca channel protein as well as 21 the bulk free Ca would be affected by the chelator. In 21 fact, we found that Ba / BAPTA currents in Con cells 21 were larger when compared to Con Ca / EGTA currents, consistent with further minimization of Ca -dependent i processes with the BAPTA containing internal solutions. 21 We did not expect that with the use of BAPTA, Ba currents in nAF cells would be similar to those in Con cells. Thus we hypothesize that in nAF cells the reduced 21 21 I measured in Ca / EGTA or Ba / EGTA solutions is CaL 21 largely due to augmented Ca -dependent processes that 21 inactivate the Ca channel. The reduced I in cAF cells CaL 21 21 measured in Ca / EGTA or Ba / EGTA persisted in . Still there is a report of no change in mRNA or protein [34] in AF. There remains an acceleration in current decay in cAF 
